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Dehydration-induced natriuresis and Na+ status (Van Soest, 1982 (Sawchenko & Fridman, 1979; Michel, 1986; Powell, 1987) . It is difficult to demonstrate the role of these organs in fluid and electrolyte homeostasis in monogastric mammals, because of the dominant effect of the kidney. Relative to other mammals, the volume of digestive secretion in ruminants is large. This is due mainly to continuous salivation, which buffers the products of fermentation. The amount of water and sodium secreted with saliva in a day is equivalent to more than 5 times that of plasma content (Silanikove, 1992) . Thus, ruminants seem to be especially suitable for demonstrating the integrative role of the salivary glands, gastrointestinal tract, liver and kidney in fluid and electrolyte homeostasis. The roles of these organs in the responses to dehydration and rehydration are considered in the present review. Strategies for life in the desert Wild ungulates, domestic ruminants (goats, sheep and cattle), camels and donkeys are today the most abundant and widely distributed mammals in tropical and desert areas.
Some of the wild ruminants (desert gazelles, oryx and eland) have adopted various behavioural and physiological strategies that apparently enable them to survive long periods without drinking. These animals are able to maintain water balance by effective use of the water available from dew browsing, food moisture and metabolic water. The physiological adaptations include an ability to maintain a frugal energy and water balance and to tolerate very high body temperatures when water intake is restricted (SchmidtNielsen, Schmidt-Nielsen, Houpt & Jarnum, 1956; Taylor, 1970a, b; . Large areas of pasture-land are available to them, since they do not have to visit water points. Lactation does not greatly influence the energy and water metabolism of wild ruminants, since they produce small amounts of milk .
However, most wild ruminants depend on drinking water in order to balance their water economy. The strategy adopted in dry areas is a combination of maintaining a frugal water economy and a capacity to endure severe dehydration and rapid rehydration. The water economy of the ibex (Capra ibex nubiana) and of the bighorn sheep are typical examples of such strategy (Turner, 1979; Shkolnik, Maltz & Chosniak, 1980) . Domestic ruminants are selected and bred to attain high milk and meat yields in a given ecosystem. 'Metabolism and productivity run parallel', stated Brody (1945) . There is a close biological link between the turnover of energy and of water (Macfarlane & Howard, 1972; Maltz, Silanikove & Shkolnik, 1982; Silanikove, 1989a) , and milk production adds a considerable burden to the water economy of domestic desert ruminants and camels (Macfarlane, Howard, Haines, Kennedy & Sharpe, 1971; MNacfarlane & Howard, 1972; Shkolnik et al. 1980; Maltz, Silanikove & Shkolnik, 1981; .
Indeed, the ability to survive in hot deserts without drinking for long periods is diminished in domestic ruminants from temperate areas (Maloiy & Taylor, 1971) .
However, breeds indigenous to arid lands are known for their capacity to withstand prolonged periods of water deprivation and graze far away from watering sites (Hungate, 1966; Shkolnik et al. 1980) . Zebu cattle (Bos indicus) may be taken to drink by the Masai tribe on the third day of grazing without water; such conditions are not tolerated by European cattle (Bos taurus) (Hungate, 1966) . Desert goats seem to be the most efficient among ruminants in regard to their ability to withstand dehydration. The black Bedouin goats and the Barmer goats, herded in the extreme deserts of Sinai (Middle East) and Rajasthan (India), often drink only once every 4 days (Khan, Sasidharan & Ghosh, 1979a, b; Shkolnik et al. 1980) . Their water losses by the fourth day of dehydration may exceed 40 % of their body weight . Camels, also, are famous for their capacity to undergo prolonged periods (as long as 15 days) of water deprivation (Macfarlane, Morris & Howard, 1963; Kay & Maloiy, 1989) .
The ability of a grazing animal to survive prolonged periods of water deprivation allows them to graze far from the watering site and to exploit the desert pasture evenly and efficiently (Brosh, Chosniak, Tadmor & Shkolnik, 1986; Nicholson, 1987) . The importance of this characteristic is that domestic ruminants and camels are most valuable to the economy in dry areas of tropical and subtropical regions. In many cases, their role in supplying food to small farm-holders and to nomadic pastoralists is indispensable (Nicholson, 1987) .
Complementing ruminants' ability to withstand prolonged periods of water deprivation is their capacity to regain all of the lost water during one short visit to the watering spot. Although all ruminants seem to be capable of retaining most (over 90 %) of the imbibed water following rehydration, until re-equilibration of the newly imbibed water occurs (Turner, 1979; Blair-West, Bobik, Brook, Esler, Gibson, Morris, McKinley & Pullan, 1980; Chosniak, Wittenberg, Rosenfeld & Shkolnik, 1984) , desert ruminants and camels seem to be more efficient than non-desert animals (Siebert & Macfarlane, 1975) . As suggested by Silanikove (1989b) , the importance of this capacity relates to the fact that, after quenching their thirst, desert ruminants and camels may re-embark, without additional drinking, on a grazing trip of several days in the barren desert (Khan etal. 1979a, b; Shkolnik etal. 1980; Nicholson, 1987) .
The water ingested following rehydration (15-40 % of body weight) is first retained in the rumen. Thus, rumen volume may exceed the extracellular fluid volume and an osmotic gradient of 200-300 mosmol kg-1 (7-8 atm) between the rumen and blood may develop (Turner, 1979; Shkolnik et al. 1980; Silanikove, 1989 b) . Compared with the erythrocytes of other mammalian herbivores (Camelidae and Equidae), those of domestic ruminants are very susceptible to a lowered tonicity of the plasma (Shkolnik et at. 1980) , so buffering the rate of water absorption following rehydration is vital.
It seems that, following rehydration, ruminants are challenged by two opposing requirements, each of them of vital importance: the need to retain the ingested water and the need to prevent water intoxication. (SchmidtNielsen, 1964; Macfarlane, 1968; Macfarlane & Howard, 1972; King, 1983; Silanikove, 1992 ) and therefore will not be considered here in detail.
Compared with most monogastric mammals, in which a water loss over 15 % of body weight is fatal (Guyton, 1971) (Shkolnik et al. 1980; Engelhardt & Holler, 1982; Kay & Maloiy, 1989; Silanikove & Tadmor, 1989) . In order to understand the capacity of ruminants to use their spacious forestomach during dehydration aind rehydration, the relationships between the rumen and systemic fluids should be clarified.
GENERALFEATURES OF THE SAL IVARY GLANI)S-GASTROINTESTINAI TRACT HEPATOPORTAL CIRCULATION
Along with the high proportion of water in the foregut of ruminatnts, the net transfer of water and Na between extracellular fluid and foregut water is also enormous, and has been likened to a second circulatory system (i.e. the salivary glands-gastrointestinal tracthepatoportal circulation) (Denton, 1982) . Saliva secreted by the major salivary glands (parotid and subm andibular) regulates most of the dailyentry of water into therum en (Denton, 1956; Kay, 1966) . The regulation of saliva secretion was reviewed by Carr ( 1 984). The daily volume of saliva secreted ranges from 6 to 16 1 in sheep (Kay, 1960) , from 100 to 190 in cattle (Bailey, 1961 Bartley, 1976 and reaches above 250 1 in lactating dairy cows (Cassida & Stokes, 1986) . The parotid glands contribute 50-60 of the total saliva production (Kay, 1960; Carr, 1984) . Unilateral total parotid secretion was estimated to be approximately 30 1 day in the camel (Hoppe, Kay & Maloiy, 1975) , indicating that salivaL secretion in camels is of similar magnitude to that in cattle of similar body weights. Parotid secretion ratcs arc high at the onset of eating, but decline during the course of the meal while eating continues (Carr & Titchen, 1978; Carter, Allen & Grovum, 1990 ).
The normal cation content of ruminant parotid saliva is: Na+ 160-175 mequiv 1 K K 4 6 mequiv 1`a nd Na+K K ratio of 25-40 (Kay, 1966) . The composition of the parotid saliva of camels is similar to that of ruminants (Engelhardt & Holler, 1982; Kay & Maloiy, 1989) . The amount of Na+ secreted with the saliva may represent more than 15 times the daily amounIt of Na+ consumed in food, and 5 10 times the amount in the blood plasma (Denton, 1982; Silanikove, Holzer, Cohen, Benjamin, Gutman & Meltzer, 1987) .
Additional determinants of the salivary glands gastrointestinal tract hepatoportal circulation are the rate of movement of water across the foregut walls and the outflow to lower parts of the gut. Factors affecting water absorption through the rumen epithelium were reviewed by Dobson (1984) , and the interrelationships among food intake, rumen osmolality, salivation and water balance in the rumen were reviewed by and Silanikove (1992) . Therefore, only the points which are directly related to the scope of the present review are mentioned: (i) the main driving force behind water movement in both directions across the rumen epithelium is the osmotic gradient between rumen and systemic fluid; (ii) the works of Dobson, Sellers & Shaw (1970) , Dobson, Sellers & Gatewood (1976) Adolph & Dill (1938) were the first to suggest that the store of water in the alimentary tract of antelopes and camels is of importance during periods of lack of water. Indeed, Macfarlane et al. (1963) concluded that gut fluid contributed the major portion of weight loss during dehydration in camels. They found that intracellular fluid and gut fluid contributed 81 %0 of the loss in weight. Based on an estimation of the content of water in the gut of camels, and assuming an approximate osmotic equilibrium between the cells and interstitial fluid, it would then be likely that 52°/o of the weight loss was accounted for by the gut fluid and 29 o by cell water. Hecker, Budtz-Olsen & Ostwald (1964) showed that, in sheep under moderate dehydration, the water balance in the body proper is kept virtually unaltered by fluid drawn from the rumen during the first 2 days of water deprivation, and only then does the animal become dehydrated in the physiological sense. According to Hecker et al. (1964) , the rumen contributed 540o of the total body fluid loss. Further research that was carried out with the wild American bighorn sheep (calculated contribution of 50%0; Turner, 1979) , breeds of goats that are indigenous to the Mediterranean area (mamber goat, 58%; Silanikove, 1991) , desert goats (Bedouin goat, 68%; Brosh et al. 1986 ) and with a European type of cattle (49%0; Silanikove, 1989h) , supported the conclusion that the gut, particularly the rumen, provides most of the water lost during dehydration. The role of the rumen as a water reservoir, although more pronounced in desert species and breeds, is a general characteristic of ruminants, which explains their capacity to withstand a greater level of weight loss during dehydration than most monogastric mammals. Thus, regulation of water mobilization from the rumen is essential in the effort to maintain volume and osmotic homeostasis. Exposure of ruminants to heat stress or to a regimen of dehydration rehydration cycles increases the water content of the rumen, and hence its capacity to serve a-s a water reservoir during periods of water deprivation (Silanikove, 1992) .
The foregut of the cacmel contains a similar proportion of water (approximately 20 0 0 of the body weight) to that typically found in ruminants (Engelhardt & Holler, 1982; Kay & Maloiy, 1989) and similarly serves as a water source during dehydration (Mafarlane et al. 1963; Hoppe, Kay & Maloiy, 1976) .
REGULATION OF WATER MOBILIZATION FROM THE FOREGUT DURING DEHYDRATION
Plasma osmolality and saliva secretion and composition The effect of dehydration on the salivary glands-gastrointestinal tract-hepatoportal circulation of cattle under rest conditions was described in detail by Silanikove & Tadmor (1989) . Dehydration caused a gradual decrease in saliva flow rate and a parallel increase in saliva osmolality. After dehydration of 18 % of body weight, total resting saliva flow rate was only 0-25 1 h-1, only 12 % of the saliva flow rate in hydrated animals (2 1 h-1). Salivary flow rate and food intake were both linearly and inversely related to the increase in plasma osmolality. Thus, reduction in appetite and so in saliva secretion during dehydration seem both to be affected in a similar way by the increase in plasma tonicity. However, the cause-effect relationship of this response is not clear. The basis for the reduction in food intake and saliva secretion upon dehydration may be the expected increase in intraventricular Na+ concentration or osmolality. The typical increase in endogenous ADH under water deprivation does not seem to be involved with the development of hypophagia (Langhans, Scharrer & Meyer, 1991) or the decrease in parotid saliva secretion (Olsson, 1976) .
In camels, parotid flow dropped to 20 % of normal when the animals lost 25 % of their body weight due to dehydration (Hoppe et al. 1975) . It seems that, at a similar degree of dehydration, camels are able to maintain a relatively higher saliva secretion rate than cattle.
The main component of increased total resting saliva osmolality during dehydration in cattle was Na+. This rose by 12 % after dehydration of 18 % body weight, which also increased HP042-by 48 %. Small changes in HCO3-by 6%, and in K+ and Cl-were not significant (Silanikove & Tadmor, 1989) . The osmolality of total saliva, which in normally hydrated cows is hypotonic to plasma, became almost isotonic after dehydration. Coats & Wright (1957) found that the Na+ concentration of parotid saliva from sheep rose with increasing flow rate. However, in agreement with the response in dehydrated cows and camels, parotid saliva Na+ concentration was negatively correlated with salivary flow rate in Na+-replete sheep and goats (Olsson, 1976; Beal, 1979) . In Na+-deficient sheep, mineralocorticoids act on the duct system of the parotid glands, causing increased reabsorption of Na+ in exchange for K+ (Blair-West, Coghlan, Denton, Nelson, Wright & Yamauchi, 1969) . Under such conditions, the concentrations of Na+ in the saliva is positively correlated with saliva flow (Denton, 1956) . Since the Na+: K+ ratio in saliva actually increases during dehydration (Hoppe et al. 1976; Silanikove & Tadmor, 1989) , mineralocorticoid-dependent reabsorption of Na+ is probably minimal (Blair-West, Brook & Simpson, 1972) .
Effect of rumen fluid utilization on the systemic fluid Na+ absorption from the gut is very high (90-98-5 % in cattle; Sklan & Hurwitz, 1985; Silanikove et al. 1987 ) and similar high rates of Na+ absorption were also found in various monogastric mammals (Powell, 1987) . Utilization of gut water during dehydration causes a considerable Na+ load, the amount of Na+ absorbed from the gut per day exceeding by 600 % the amount of Na+ contributed by daily food in cattle (Silanikove & Tadmor, 1989) . The increase in Na+ concentration in saliva during dehydration is of physiological importance, since it helps to moderate the rise in plasma osmolality (Silanikove & Tadmor, 1989) . Consequently, the effectiveness of utilization of rumen fluid during dehydration depends on the capacity of the kidney to 'desalt' the water absorbed from the gut and on maintenance of salivary flow to the rumen.
Interrelationships between food intake and water balance in the rumen during dehydration
Eating a large meal of a roughage diet in ruminants causes a transient increase in rumen volume associated with transient dehydration of the extracellular fluid (Ternouth & Beattie, 1971; Christopherson & Webster, 1972; Scott, 1975) . The dehydration of extracellular fluid is sufficient to activate antidiuretic hormone (ADH) and renin-angiotensin mechanisms (Stacy & Brook, 1965; Blair-West & Brook, 1969) . These responses are a result of the massive increase of saliva secretion at the onset of feeding . In addition, the rumen becomes hypertonic with respect to the plasma after eating and this may cause transepithelial movement of fluid from the blood to the rumen according to the osmotic gradient . Given a choice, ruminants will prefer to eat during cooler hours, i.e. during the afternoon or at night (King, 1983) . When such behaviour was allowed, food-induced changes in rumen volume were also observed during dehydration in Bedouin goats (Brosh, Chosniak, Tadmor & Shkolnik, 1988) . The extent of expansions of rumen volume depended on the stage of dehydration and on the quality of the food. Bedouin goats consumed much less wheat straw than lucerne hay and, in parallel, food-induced expansion in rumen fluid was lower in goats maintained on wheat straw than in those on lucerne hay. Reduction in food intake with the advance of dehydration was also reflected by reduction in rumen expansion following eating. These attenuated responses to lower food intake probably reflect a reduction in saliva secretion and postprandial increase in rumen osmolality.
On the other hand, during the hot hours, net absorption and net outflow of fluid from the rumen are probably greater than saliva inflow, resulting in net transfer of fluid from the gastrointestinal tract to the blood. As a result, the rumen is used as a water reservoir during the heat of the day, when it is most needed, and as a fermentation vat during cooler hours, when dehydration rate is lower (Silanikove, 1992) .
The progress of dehydration in ruminants can be separated into two phases; phase 1 gradually grades into phase 2. In phase 1, food intake and salivation are still high enough to allow near-normal fermentation in the rumen. During the late stage of dehydration (phase 2), food intake, salivation and digesta content in the rumen fall severely (Brosh et al. 1988; Silanikove & Tadmor, 1989) . The appearance of phase 2 is delayed in desertadapted ruminants (e.g. after reduction of 30 % of initial body weight in the Bedouin goats; Brosh et al. 1988 ) in comparison to non-desert ruminants (e.g. after reduction of 15 % of initial body weight in European-type beef cows; Silanikove & Tadmor, 1989) . Net absorption of water and Na+ at the last stage of dehydration was found to be slight in beef cows, despite the fact that the rumen contained a considerable amount of fluid (more than 20 1), which could supply the animals' water requirements for an additional 24 h (Silanikove & Tadmor, 1989) . Under isotonic conditions, net absorption of water from the rumen to the blood depends on active absorption of Na+ (Dobson et al. 1970) . Na+ absorption from the rumen is closely connected to the presence of volatile fatty acids (the major product of fermentation in the rumen) in rumen fluid (Holtenius, 1991) . Food deprivation in small ruminants indeed leads to hyponatraemic hypovolaemia (Dahlborn & Karlberg, 1986) . It is reasonable to assume, therefore, that the reduction in Na+ and water absorption from the rumen at the last stage of dehydration is a consequence of severe reduction in food intake and volatile fatty acid production.
Desert-adapted animals, such as the Bedouin goats, can continue to eat a significant amount of food (30 % of that provided ad lib.) even in the most severe state of dehydration (Brosh et al. 1986 ). Etzion, Meyerstein & Yagil (1984) reported that water-deprived
Bedouin goats survived, losing 50 % of their initial mass after 6 days of dehydration in the desert (2 days more than allowed by the Bedouin herdsmen under the most extreme situations). Since they survived, they must have used most of the water left in the rumen at the end of 4 days of dehydration and such use must also have involved the absorption of Na+ from the rumen. On rehydration, the goats imbibed the entire lost amount of water, but all of them eventually died from haemolysis. The results of Etzion et al. (1984) are consistent with the conclusion that water is absorbed rapidly from the rumen following rehydration and they exemplify the importance of sequestration of a critical amount of Na+ in the rumen at the end of dehydration. Induction of Na+ absorption upon rehydration increases the tonicity of the absorbate and prevents water intoxication (Silanikove, 1989 b) .
Dehydration-induced natriuresis and Na+ status
A number of investigations have demonstrated that water deprivation causes increased electrolyte excretion and a negative sodium balance in ruminants (sheep, cattle and camels) (Siebert & Mafarlane, 1975; McKinley, Denton, Nelson & Weisinger, 1983 a, b; Doris & Bell, 1984) and monogastric mammals (rats, rabbits and dogs) (McKinley et al. 1983a, b; Metzler, Thrasher, Keil & Ramsay, 1986) . This response appears physiologically relevant, in that it protects against further increases in plasma Na+ and osmolality. However, in some other investigations in sheep and goats, a marked Na+ retention, along with a reduction in glomerular filtration rate and urine flow, was observed (Blair-West et al. 1980; Chosniak et al. 1984; Silanikove, 1991) .
When Na+ consumption is low, the sodium content in saliva drops and that of K+ rises (Denton, 1956; Blair-West, Coghlan, Denton & Wright, 1970 ). An inverse relationship between the concentration of Na+ and K+ in the rumen was found in sheep (Warner & Stacy, 1965) , and decreasing Na+ intake resulted in a lower Na+ content in the rumen in cattle (Grace, 1988) . Low-quality grasses are usually low in Na+ and K+ content. Consequently, when a ruminant consumes a low-quality low-Na+ diet, it is expected that the Na+-1oading effect caused by water uptake from the rumen during dehydration will be considerably lower than when plenty of Na+ is consumed; hence, the impact of such a load on plasma osmolality will be much lower. According to the above interpretation, the expression of dehydration-induced natriuresis in ruminants depends on the Na+ status of the animal and its reflection in the Na+ content of ruminal fluid.
EVOLUTION OF THEORIES REGARDING THE HOMEOSTATIC RESPONSES TO REHYDRATION
A capacity for rapid rehydration in the camel was first described about 30 years ago and was interpreted as an important adaptation to life in the desert (Schmidt-Nielsen et al. 1956; Schmidt-Nielsen, 1964) . Voluminous drinking (15-20 % of body weight) was also found in the Somali donkey (Maloiy, 1970) , guanaco (Rosenmann & Morrison, 1963) , cattle (Siebert & Macfarlane, 1975; Silanikove, 1989 b) , sheep (Marfarlane, 1968) and goats (Silanikove, 1991) . In the desert, black Bedouin goats may consume an amount of water exceeding 40 % of their dehydrated body weight (Shkolnik et al. 1980 ). Three theories have been presented so far to explain the ways ruminants and camels circumvent the osmotic hazards posed by their enormous drinking capacity: (i) red blood cells' osmotic stability (Perk, 1963; Yagil, Sod-Moriah & Meyerstein, 1974; Etzion et al. 1984) ; (ii) the rumen as a protective osmotic mechanism (Hoppe et al. 1976; Chosniak & Shkolnik, 1977) ; and (iii) recycling of hypotonic fluid to the foregut by the hepato-salivary route (Silanikove, 1989b (Silanikove, , 1991 .
Red blood cell osmotic stability The camel's red blood cells were shown to be stable in vitro to extremely hypotonic (50 mM) salt solutions (Ponder, Frankline & Charipper, 1928; Perk, 1963) . This led several investigators to relate the camel's ability to undergo rapid rehydration to the osmotic stability of its red blood cells (Perk, 1963; Yagil et al. 1974; Etzion et al. 1984) . However, in the Bedouin goat, an animal which exhibits the most outstanding ability to undergo rapid rehydration, the red blood cells are more fragile than those of most other mammals (Choseniak & Shkolnik, 1978; Shkolnik et al. 1980) . From the data compiled by Chosniak & Shkolnik (1978) and Shkolnik et al. (1980) , it becomes clear that the osmotic stability of the red blood cells of various mammals is related to their taxonomic/phylogenetic grouping rather than to their ecophysiological pattern. In agreement, Chosniak & Shkolnik (1977) have found that the osmotic fragility of the red blood cells in the Bedouin goats is never challenged under in vivo conditions. Moreover, in a similar manner to the goats, the osmotic changes in the blood of the rehydrated camel were of low magnitude (Yagil et al. 1974; Hoppe et al. 1976 ; Schroter, Zine Filali, Brain, Jeffry & Robertshaw, 1990 ). The same is true also for the donkey, Zebu cattle (Maloiy & Boarer, 1971) , sheep (Blair-West et al. 1980) and in non-desert goats (Silanikove, 1991) . Despite the slight changes in plasma osmolality and haematocrit following rehydration, it has been concluded that there is rapid absorption of water in the rehydrated camel (Yagil et al. 1974; Etzion et al. 1984) . The evidence from which they derived this conclusion was: (i) swelling and changes in erythrocyte shape due to influx of water from the gut; and (ii) rapid uptake of tritiated water to the blood, which continued for 4 h following rehydration. Schroter et al. (1990) did not find any significant change in the erythrocyte shape in camels following rehydration, which contradicts the findings of Yagil et al. (1974) . Still, the large movement of tritiated water from the gut to the blood as a result of the large osmotic gradient that exists between these pools following drinking is most likely to be associated with a considerable net movement of water from the gut to the blood. A large influx of hypotonic fluid from the gut to the blood would be expected to decrease blood osmolality, which is not the case. In order to resolve this problem, Etzion et al. (1984) suggested that rapid absorption of salt, from a large pool of salt in the colon, guarantees minimal osmotic stress. They used the work of Maloiy & Clemens (1980) to indicate the capacity of the colon to serve as a 'reservoir' for salt. However, this work does not provide information on the salt content in the colon of camels. Moreover, Etzion et al. (1984) did not take into consideration the observation that the distribution of fluid in the gut of camels is similar to that in ruminants (Engelhardt & Holler, 1982; Kay & Maloiy, 1989) , i.e. the foregut contains approximately 80 % of the total fluid in the gut. They also ignored the finding of Hoppe et al. (1976) that, as in ruminants, the water imbibed by rehydrated camels is first retained in the forestomach. Consequently, the likelihood that a few litres of fluid in the colon retain enough salt to raise to isotonicity 60-100 1 of water in the forestomach, with an osmolality of approximately 100 mosmol kg-1, is very slight. Thus, it remains to be established whether the influx of water into the blood in camels following rehydration is rapid, and if so, what is the mechanism which prevents a great disturbance in plasma osmolality and blood volume.
The function of the rumen wall as an osmotic barrier Nand & Singh (1941) found in sheep that most of the water ingested is first retained in the rumen and only a small fraction, less than 10%, bypasses the reticulorumen. This observation has since been confirmed in many experiments (e.g. in sheep: Hyden, 1961; Warner & Stacy, 1968) , including in ruminants after sudden rehydration (sheep: Hecker et al. 1964 ; camels: Hoppe et al. 1976 ; desert goats: Chosniak & Shkolnik, 1977;  cattle: Silanikove, 1989b ; non-desert goats: Silanikove, 1991) . The rumen volume in rehydrated ruminants may exceed the extracellular volume, with an osmotic gradient of 200-300 mosmol kg-1 developed between the rumen and the blood (Silanikove, 1989 (Silanikove, b, 1991 .
The huge osmotic gradient developed following rehydration in ruminants and camels is probably the most extreme case of such a phenomenon in mammals. For comparison, the colloidal osmotic pressure, which plays an important role in Starling's law governing the balance of fluid between the vascular and extravascular system, ranges between 20-100 mmHg. Nevertheless, despite the large osmotic gradient, the rumen, even 4-6 h after drinking, still contains 80-85 % of its post-drinking volume in desert goats, cattle and camels (Hoppe et al. 1976; Chosniak & Shkolnik, 1977; Silanikove, 1989b) . The outflow of fluid from the rumen following drinking of tap water is very moderate. During the first hour it amounted to 74 ml h`1, compared with a flow of 300 ml h-1 in the normally hydrated Bedouin goat (Chosniak & Shkolnik, 1977; Chosniak et al. 1984) ; and 0 7 1 h-1 compared with a flow of 1 65 1 h-1 in normally hydrated beef cows (Silanikove, 1989b; Silanikove & Tadmor, 1989) . After 5-6 h, the outflow rate of fluid from the rumen was considerably higher than during the first hour, but still lower than normal: 243 ml h-1 in the Bedouin goat and 1-4 1 h-1 in beef cattle. An increase (from 90-100 to 130 mosmol kg-1 in goats and cattle) in the ruminal fluid concentration was recorded simultaneously with the increase in the outflow described. Parallel to the changes in the rumen, as already mentioned, dilution of the plasma is modest and does not pose a threat to the integrity of the red blood cells. Based on such observations, it has been suggested that the rumen provides a protective osmotic mechanism following rapid rehydration (Hoppe et al. 1976; Chosniak & Shkolnik, 1978; Shkolnik et al. 1980) .
Water readily diffuses across cell membranes (Guyton, 1971) . As implied from the results of Woodford, Murphy & Davis (1984) and Faichney & Boston (1985) in cattle and sheep, about one volume of the rumen diffuses across its epithelium in each direction every hour under conditions of approximate isotonicity between the rumen and the blood. Consequently, the capacity of the rumen epithelium -a tissue which is functionally involved in the absorption of metabolites from the lumen to the blood -to prevent the movement of water (the solvent for these metabolites) according to the osmotic forces, is difficult to explain theoretically, and has not been demonstrated. On the other hand, this view has been disputed in cattle, sheep and goats (Silanikove, 1992) . It has been shown that, as expected from the large osmotic gradient between the rumen and blood (Dobson, 1984) , large amounts of water were absorbed following rehydration in cattle (Silanikove, 1989b) and sheep (Dahlborn & Holtenius, 1990) . In goats, considerable retention (60%) of a hypoelectrolyte solution (lactated Ringer solution) in the rumen occurred even when the gut was bypassed by intraperitoneal rehydration (Silanikove, 1991) .
Fluid and Na+ restitution by the salivary-gastrointestinal tract-hepatoportal circulation By infusing solutions of different tonicities into the portal vein, Carr & Titchen (1978) have shown in sheep that both expansion and dilution of the portal blood accelerate saliva secretion, whereas increasing the tonicity of the portal blood decreases saliva secretion. In agreement, under in vivo rehydrating conditions, expansion (or dilution) of the plasma as a result of a large influx of hypotonic fluid was prevented by increasing the secretion of hypotonic saliva, which recycled 50 % of the fluid entering the portal system in cattle (Silanikove, 1989b) and 60% of that in goats (Silanikove, 1991) . The first response following voluminous drinking was a sudden reduction in saliva flow (Silanikove, 1989b) . This may be related to the depressing effect of expansion of the rumen wall on saliva secretion (Phillipson & Reid, 1958; Kay & Phillipson, 1959) . However, soon afterwards (10 min), the accumulation of large volumes of water absorbed from the rumen to the portal blood caused the reverse situation, namely, acceleration of saliva flow. It was suggested that the initiation of increased saliva secretion may be explained if the role of a visceral sensory afferent input is to provide an 'early warning' signal on overflow of water from the gut (Silanikove, 1989b) . In support of this hypothesis, there is convincing functional evidence for volume, osmolality and Na+ receptors in the liver, which modulate kidney function (Sawchenko & Fridman, 1979) . The liver contains osmo-and Na+-sensitive neural elements, which communicate with the brain via the hepatic branch of the vagus nerve (Adachi, Niijima & Jacobs, 1976; Rogers, Novin & Butcher, 1979) . The liver and the central nervous system were also identified as possible sites influencing saliva flow and composition (Olsson, 1976; Carr, 1984; . In parallel to the salivary changes, urine flow drops immediately following drinking in cattle and camels (Siebert & Macfarlane, 1975) , sheep (Blair-West et al. 1980 ), desert goats and non-desert goats (Silanikove, 1991) to rates even lower than the already low values measured in the dehydrated animals, and barely regains the pre-drinking rate even 4 h after drinking. Reflex renal vasoconstriction in response to portal vein distension has been reported (Koyama, Nishida, Terada, Shiojima & Takeuchi, 1986) . It was concluded, therefore, that the hepatoportal response to overflow caused the saliva secretion and urine flow to change reciprocally (Silanikove, 1991) . This response allows ruminants to retain the water ingested effectively, while avoiding the osmotic threat to the red blood cells, which explains their capacity to continue additional dehydration-rehydration cycles immediately (Silanikove, 1989 b).
THE ENIGMATIC NATURE OF THE HOMEOSTATIC RESPONSE TO REHYDRATION
The 'congeries of conundrums'
The maintenance of low urine output after sudden rehydration in ruminants is in contrast with results in some monogastric animals, in which rapid diuretic responses are induced from gastrointestinal tract area following drinking (Nicolaidis, 1969) . Despite the low glomerular filtration rate (GFR) and urine flow, ADH drops sharply immediately following drinking and remains low for several hours in camels (Yagil & Etzion, 1979) , in sheep (Blair-West, Brook, Gibson, Morris & Pullan, 1979; Blair-West et al. 1980 ; BlairWest, Gibson, Woods & Brook, 1985) , goats (Maltz, Olsson, Glick, Fyhrquist, Silanikove, Chosniak & Shkolnik, 1984) and dogs (Thrasher, Wade, Keil & Ramsay, 1984; Thrasher, Keil & Ramsay, 1987) . On the other hand, plasma renin activity (PRA), which in ruminants rises during dehydration, does not fall, but rather increases further after rehydration (BlairWest et al. 1972; Olsson, Benlamlih, Dahlborn & Fyhrquist, 1982; . The elevated PRA is also in contrast to the low GFR at this stage. These events led Blair-West et al. (1980) to describe the homeostatic response to rehydration as a 'congeries of conundrums'.
The kidney is traditionally regarded as the primary organ involved in extracellular fluid homeostasis (Guyton, 1971) . However, the high fluid and electrolyte losses from the plasma that are, at least temporarily, involved in the secretion of saliva into the gut, can affect considerably the homeostasis of extracellular fluid (Blair-West & Brook, 1969; Christopherson & Webster, 1972; Andersson, Andersson, Augustinsson, Forgsgren, Holst & Jonasson, 1986 ). The hepatoportal afferent response, which controls the flow of fluid and electrolyte to the gut, while simultaneously affecting kidney function, is, therefore, an essential factor in the homeostasis of fluids in ruminants. As will be elaborated in more detail below, when the integrative function of the kidney and the gut in maintaining the homeostasis of body fluid in ruminants is taken into consideration, the puzzle is organized into a clear picture.
The hyponatraemic responses Rapid rehydration in ruminants causes a large change in Na+ distribution. For example, at the end of 3 days of dehydration in cattle the rumen contained approximately 22 1 with a Na+ concentration of 152 mequiv 1I-. After rapid rehydration, approximately 86 1 with a Na+ concentration of 63 mequiv 1I1 (5300 mM) was present in the reticulorumen immediately after drinking, vs. 66 1 extracellular space with a Na+ concentration of 150 mequiv1I1 (9900 mM) (Silanikove, 1989 b) . The recycling of fluid by saliva to the gut during the first 7 h after drinking was found to be associated with secretion of considerable amounts of Na+, equivalent to 30 % of the extracellular pool. In comparison with the dehydration state, rehydration is a complete reverse of the situation; now each millimole of Na+ becomes important in preventing excessive losses from the extracellular fluid.
Marked retention of Na+ in the kidney, a reaction characteristic of the state of Na+ deficiency, was indeed found following rehydration in cattle and camels (Siebert & Macfarlane, 1975 ), sheep (Blair-West et al. 1980 ) and goats Silanikove, 1991) . Other components of the homeostatic responses involved in Na+ restitution are: (i) reduction in Na+ concentration in saliva, which reduces its enteric secretion (Silanikove, 1989 b); (ii) activation of Na+ absorption from the rumen (Silanikove, 1989b) , a response which seems to be quite sudden, since it was demonstrated that Na+ absorption ceased almost completely in cows in advanced dehydrated states (Silanikove & Tadmor, 1989) ; and (iii) regaining of appetite in goats, sheep and cattle (Silanikove, 1989 b; Dahlborn & Holtenius, 1990) . Regaining of appetite occurred despite reciculorumen distension (a response that usually depresses the appetite; , and before any significant change in blood osmolality. Osmotic equilibrium between the rumen and systemic fluid occurs within 2 h in goats with access to food (Brosh et al. 1986 ), compared with more than 8 h in situations in which food was denied the goats following rehydration . The importance of this response may relate to the faster restitution of plasma volume (Chosniak & Shkolnik, 1977; Brosh et al. 1986 ) and rumen function in terms of microbial activity, volatile fatty acid production and kinetics of digesta passage from the rumen (Silanikove, 1992) . As high rumen osmolality and Na+ concentration induce a depression of appetite (Bergen, 1972; Carter & Grovum, 1989) , their sudden drop following rehydration may relate to regaining of appetite (Silanikove, 1992) .
Rehydration and acid-base balance Rehydration induced marked acidification of the urine in sheep and goats (Blair-West et al. 1980; Silanikove, 1991) . This response may also be explained by the activation of salivary secretion, as the saliva of ruminants is enriched with bicarbonate, which therefore depletes the extracellular pool. Urinary pH fell, presumably as a result of carbonic acid reabsorption (Blair-West ct al. 1980) . However, the metabolic acidosis which developed (Silanikove, 1991) indicates that the increased carbonic acid reabsorption from the kidney did not compensate completely for the drainage of bicarbonate by the saliva.
Interestingly, the rapid acceleration of salivary secretion which is associated with roughage intake in ruminants is also associated with Na+ and carbonic acid retention in the kidney, together with a drop in urinary and plasma pH (Scott, 1975; Andersson ct al. 1986 ).
Thirst satiUtioil
In paiallel to regaining of appetite, drinking is terminated before significant absorption of ingested watei is possible. Pharyngeal, oeosphageal, gastric and hepatoportal signals are most likely to be responsible for the rapid satiation of thirst in mammals (Nicolaidis, 1969; Thrasher ct alt. 1987) . There is a close analogy between these processes and that described by Denton, Blair-West, Coghlan, Scoggins & Wright (1977) in the satiation of Na' appetite in sheep. These authors found that gustatory alimentary reflexes inhibit specific behavioural and aldosterone responses to Na-depletion and anticipate the effects of Na+ absorption.
The rapid inhibition of ADH could be related partly to oropharyngeal signals in dogs and sheep (Blair-West ct al. 1985; Thrasher et aii. 1987) . However, the oropharyngeal response was associated with a lasting reduction in the motivation to drink in dogs (Thrasher et al. 1987) , whereas in sheep (Bott, Denton & Weller, 1965 ) the motivation to drink was modified only slightly. Thirst in water-deprived sheep (Park, Congiu, Denton & McKinley, 1986) and goats (Silanikove, 1991) caninot be inhibited entirely by removing hyperosmotic and hypovolaemic stimuli. One possibility is that a deficiency in rumen volume can be sensed and can stimulate or inhibit thirst (Adolph, 1982) . Indeed, Silanikove (1 99 1) has shown that the amount of water consumed by goats, in which the hypovolaenmic stimulus was removed by intrcaperitoneal and intrajugular rehydration, was directly related to the difference between the amount presented in the rumen and the amount needed for complete recovery of the water loss. Rumen mechano-or osmoreceptors, therefore, seem to play a major role in thirst satiation in goats. Moreover, the motivation to drink was depressed for a long period (at least 6 h) after rehydrcation, in parallel with the maintenance of a rumen volume close to the rehydrating volume during this time. The presence of receptors in the rumen wall that can respond to mechanical and osmotic stimulation has been demonstrated (Harding & Leek, 1972) .
Co/nchisians
In conclusion, it should be realized that after rapid rehydration in ruminants, the homeostatic responses are dominated by affer-ent peripheral responses arising from the rumen walls and from the hepatoportal system. These responses trigger the homeostatic responses which ai-e involved in water and Na' restitution and also involved in thirst (satiation) and appetite (activation) regulation. They allow rapid restoration of important body functions, such as digestion (Silanikove, 1992) and thermoregulatioin (Robertshaw, 1989) , before the restoration of normal plasma osmolality. a process which, as noted, may last from 2 to moi-e thain 8 h. Thus, the above physiological responses are suited to animnals that routinely experience intermittent availability of water.
Mammals are divided into two categories of drinkers: those that gradually replenish lost water (e.g. golden hamster, guinea-pig and primates, including humans) and those that do so rapidly (Adolph, 1982) . In addition to ruminants, in the second group belong the donkey, capable of losing 20% of its mass during dehydration, the dog and the horse, capable of losing 10-12 % of their mass. These animals do not have a rumen, yet their blood is diluted much less than might be expected from the equilibration of the water ingested with their systemic fluid (Maloiy & Boarer, 1971; Thrasher et al. 1984; Sneddon, Van Der Walt & Mitchell, 1992) .
Changes in water and Na+ balance following acute dehydration and rapid rehydration were studied in detail in dogs (Thrasher et al. 1984; Metzler et al. 1986 ). Dogs weighing approximately 20 kg lost approximately 0-8 kg by the end of 24 h of dehydration (Thrasher et al. 1984) . They recovered their weight within the first hour and continued to drink amounts of water usually consumed under normo-hydrative conditions during the next 23 h. Simple calculations indicate that the complete equilibrium between the water ingested during the first hour (approx. 1 1) and the extracellular fluid at that time (approx. 5 1, with osmolality of 320 mosmol kg-1) would have reduced the plasma osmolality to approximately 267 mosmol kg-'. However, plasma osmolality did not fall below 300 mosmol kg-1 and plasma Na+ did not fall below 140 mequiv 1-. Moreover, despite the fact that on the day of rehydration the dogs imbibed twice their normal drinking volume, the urine volume was that recorded in normally hydrated animals. Marked retention of Na+ in the kidney allowed repletion of the amounts of Na+ lost during dehydration as a consequence of enhanced natriuresis. Basically, the dog's response to rehydration resembles that of ruminants and differs from the response in slow-drinking animals, in which drinking may induce diuresis (Nicolaidis, 1969) . It seems that mammals that are capable of rapidly replenishing lost water are also capable of retaining the newly ingested water by preventing rapid expansion of their systemic body fluid. Watanabe, Higuchi, Hayashi & Ozeki (1990) reported that gustatory stimulation (by placing citric acid solution on the tongue) of salivary secretion in dogs, increased the total rate of saliva secretion from 02 ml kg-1 h-1 to approximately 6 ml kg-1 h-1, while simultaneously urine flow fell from 0 45 to 0 34 ml kg-1 h-'. Similarly, Na+, Li' and K+ salivary clearance increased from 0 7, 3-3 and 3-1 ml kg-1 h-1 to 3 2, 11 5 and 18-1 ml kg-1 h-1, respectively, whereas renal clearance of Na+, Li' and K+ dropped from 0-14, 28%3 and 33-4 ml kg-1 h-1 to 0-098, 23 and 22 6 ml kg-1 h-1, respectively. Thus, in dogs as in ruminants, the retention of water and electrolytes by the kidney following acceleration of saliva secretion may be related to their depletion in systemic fluid as a result of enhanced movement into the gut.
The rate of stimulated salivary secretion per hour in dogs (Watanabe et al. 1990 ) was equivalent to 12 % of the amount of water consumed in the first hour of rehydration in the experiment of Thrasher et al. (1984) . It took 4 h for blood osmolality to drop from 320 to approximately 300 mosmol kg-1 in that experiment. If the salivary secretion were activated as in ruminants during that time, it could recycle to the gut a significant proportion of the amount of water consumed. Such a response would obviously help the animals to retain water and Na+ by their temporal sequestration in the gut and by reducing the load on the kidney. It also may explain the prevention of excessive expansion of their blood. Consequently, it is tempting to suggest that the similarity of animals categorized as rapid replenishers of lost water in their response to rehydration derives from a similar homeostatic response, in which hepatoportal afferent signals activate reciprocally the salivary glands and the kidney. One important element in the expected response, the reflex renal vasoconstriction upon portal expansion, was indeed demonstrated in dogs (Koyama et al. 1986 ).
SUMMARY
Ruminants in tropical and desert areas routinely experience cycles of severe dehydration and rapid rehydration. These animals can withstand severe dehydration (18-40 % of initial body weight), which exceeds considerably the capacity of most monogastric mammals. This capacity is related to their ability to use, during the course of dehydration, their large water reservoir in the rumen, which contributes 50-70 % of the total water loss. As rumen fluid is in approximate isotonicity with systemic fluid, the utilization of gut water during the course of dehydration involves a considerable load of sodium and potassium. Consequently, the effectiveness of utilization of rumen fluid during dehydration depends on the capacity of the kidney to 'desalt' the water absorbed from the gut and on maintenance of salivary flow to the rumen.
Following rehydration, ruminants can imbibe their entire water deficit in one drinking and the entire amount ingested is first retained in the rumen. The rumen volume at this stage may exceed the extracellular fluid volume and the sudden drop in rumen osmolality creates a huge osmotic gradient (200-300 mosmol kg-') between the rumen and systemic fluid. Ruminant animals are confronted at this stage by two opposing tasks, each of them of vital importance: (i) the need to prevent the osmotic hazard leading to water intoxication; and (ii) the need to retain the ingested water, so that it is not missing for the next dehydration cycle.
The most prevalent view until recently was a theory which attributes an osmotic protective mechanism to the rumen wall. However, such a capacity has not yet been demonstrated and is challenged by contradictory observations that large amounts of water are absorbed from the rumen following rehydration. The view that is most consistent with available information is that gustatory-alimentary and hepatoportal signals regarding the presence of large amounts of water in the rumen and the absorption of water from the gut activate a range of homeostatic responses involved in fluid and sodium restitution. The efferent elements, presumably activated by the CNS, include: a dramatic increase in secretion of hypotonic saliva and, reciprocally, a dramatic drop in urine flow. The enhanced saliva secretion recycles a considerable portion of the water absorbed from the gut back to the rumen, which allows effective retention of water while avoiding the danger of osmotic threat to the red blood cells. The enhanced saliva secretion also drains large amounts of sodium and bicarbonate from the blood. Accompanying responses are marked retention of sodium and carbonic acid in the kidney. In addition to the effective retention of fluid, these responses allow the restoration of important functions such as appetite, digestion and thermoregulation long before plasma osmolality is restored.
It is concluded that, in ruminants, volume and sodium homeostasis cannot be fully understood without taking into consideration the large store of water in the gut and the enterohepatic circulation that connects the latter with the general circulation. As discussed herein, some of the mechanisms revealed in ruminants are probably relevant to closely related animals such as the camel and to non-ruminant mammals, especially those categorized as rapid replenishers of lost water.
